Thermogenesis of brown adipose tissue (BAT) of genetically obese mice, KKAY mice, was examined by measuring the BAT mitochondrial guanosine diphosphate (GDP) binding as an index of thermogenesis and comparing it with that of normal C57BL mice. No great difference in GDP binding was observed in KKAY and C57BL mice fed a stock diet. However, when they were given a sucrose solution, the increase in BAT mitochondrial GDP binding of KKAY mice (+22%) was much lower than that of C57BL mice (+106%). A high fat diet increased BAT mitochondrial GDP binding in KKAY mice to the same extent (+82%) as in C57BL mice. When the mice were fasted for 48 h, BAT mitochondrial GDP binding of C57BL mice decreased by 70%, while that of KKAY mice showed no change. Both acute exposure to cold and norepinephrine injections increased GDP binding in KKAY mice by 90% and 131%, respectively. These results indicate that low BAT thermogenesis in response to sucrose intake may be a cause of obesity in KKAY mice, and this may be brought about by defects in the central nervous system.
Obesity is the state in which energy intake exceeds energy expenditure and so the excess is stored as a fat deposit. The excess energy is usually utilized to keep the body warm (thermogenesis) by both a shivering (in the muscles) and a nonshivering way. Recently, much attention has been paid to nonshivering thermogenesis, which was shown to play an important role in energy homeostasis (HimmsHagen, 1984a; Rothwell and Stock, 1981) . Brown adipose tissue (BAT) is known to be a major organ involved in thermogenesis especially in rodents (Bukowiecki, 1984; Foster and Frydman, 1978) . Cold and dietary manipulation, with excitation of the sympathetic nervous system, make BAT produce heat to keep the body temperature constant or to burn out excess energy (Landsberg et al., 1984; Shiota and Sugano, 1985) . An Mr 32,000 uncoupling protein (thermogenin) which exists in the BAT mitochondrial inner membrane appears to modulate the activity of the thermogenic proton-conductance pathway (Himms-Hagen, 1984b; Nicholls and Rial, 1984) . As thermogenin binds nucleotides (e.g. GDP) with a high affinity, estimation of the GDP binding is a common measure of BAT mitochondrial thermogenin content, this being thought to be a good index of thermogenic activity.
Currently, impaired function of BAT has been shown in several animal models of obesity, e.g. ob/ob mice (Trayhurn and James, 1978; Goodbody and Trayhurn, 1982) , db/db mice (Goodbody and Trayhurn, 1981) , and Zucker fatty rat (Triandafillou and Himms-Hagen, 1983; York et al., 1984) . In both types of obese mice (ob/ob and db/db), it was shown that the binding of GDP to thermogenin was less than normal and the binding was not increased by cold exposure or dietary stimuli. Zucker fatty rats also responded poorly to diet but reverted to normal during cold exposure. These observations prompted us to investigate the thermogenic responses of the KKAY mice, which are obese, hyperinsulinemic and hyperglycemic (Iwatsuka et al., 1970) . We used the interscapular BAT mitochondrial GDP binding of the KKAY mouse as a thermogenic parameter. As normal counterparts of KKAY mice, we used C57BL mice which are lean, normoglycemic and normoinsulinemic (Matsuo and Shino, 1972 (Dunnett, 1964) using programs prepared for a computer system.
Results
KKAY mice became obese after 5 weeks of age, and then continued to be 1.3 to 1.4 times as heavy as C57BL mice of the same age (Figure 1, upper panel) . BAT mitochondrial GDP binding ability was compared in KKAY and C57BL mice at various ages. Although there was little difference between these two kinds of mice, KKAY mice had a tendency to have lower GDP binding values than C57BL mice at each age, except at the age of 5 weeks where the difference was significant ( Figure  1, middle panel) . In the lower panel of Figure 1 , GDP binding is expressed as per organ, multiplied by the BAT mitochondrial protein content.
Thus the value signifies the thermogenic activity of a whole animal. GDP binding of KKAY mice was markedly lower at 5 weeks of age, but only slightly thereafter, than that of C57BL.
When 5-week-old mice were given a 30% sucrose solution for 2 weeks, a considerable but not significant body weight gain was seen in KKAY mice compared to C57BL mice (Table 1) 
Discussion
To investigate whether there are any defects in the thermogenic activity of the KKAY mouse which lead to obesity, we studied BAT mitochondrial GDP binding under various circumstances, using the C57BL mouse as a control.
Under normal dietary and thermal conditions, the BAT mitochondrial GDP binding of the KKAY mouse was only a little lower than that of the C57BL mouse at 6 weeks of age and thereafter. Thus, it is difficult to advance the basal thermogenic activity of the KKAY mouse as a main cause of the establishment of its obesity, even though the activity per uni of body weight was lower in these mice. In this respect, the KKAY mouse is distinctly different from animals such as the ob/ob mouse and the Zucker fatty rat, both of which are known to have much lower basal thermogenic activity than their lean littermates (York et al., 1984; Ashwell et al., 1985) .
The BAT of KKAY mice responded normally to cold or norepinephrine injections. It is therefore clear that cold stimulation can excite the sympathetic nervous system of KKAY mice, and that their BAT cells can respond normally to the released norepinephrine. We found that not only 7-week-old KKAY mice (Table 3) but also 5-week-old ones (early phase of obesity) and 10-week-old ones (established phase of obesity) could respond to cold or norepinephrine stimulation (at 5 weeks of age, a 2.4 fold increase in GDP binding due to cold exposure and 2.1 fold increase due to NE; at 10 weeks of age, a 1.6 fold increase due to cold exposure and a 1.7 fold increase due to NE). Compared with the ob/ob mouse, whose increase in BAT mitochondrial GDP binding due to cold stimulation is very small (Hogan and Himms-Hagen, 1980) , the lack of BAT response to these stimuli seems to be very small, if any, in the KKAY mouse.
Rothwell and Stock indicated that the rodents voluntarily overeating a "cafeteria" diet gained less weight in relation to food intake than animals eating a control diet (Rothwell and Stock, 1979) . This dietary alteration in energy balance can be mimicked with high caloric diets such as sucrose feeding or a high fat diet. Dietary effects on BAT thermogenesis are thought to be mediated by the sympathetic nervous system, which densely innervates the tissue. During the intravenous administrations of glucose, a change in the sympathetic nerve activity was recorded (Niijima, 1986) . The involvement of the central nervous system was also demonstrated in the ventromedial hypothalamic lesioned rats and monosodium glutamate-induced obesity (Saito et al., 1985; Niijima et al., 1984; Yoshida et al., 1984) . After sucrose drinking, the BAT mitochondrial GDP binding of KKAY mice did not increase as much as that of C57BL mice (Table 2, Figure 2) . Similar results were obtained with 10-week-old KKAY mice (1.3 fold increase in C57BL mice; no change in KKAY mice). If the weak response of thermogenesis to sucrose feeding in KKAY mice depends on defects in the central nervous system, the defects must exist in the steps before norepinephrine release, because KKAY mice could respond to exogenous norepinephrine by increasing mitochondrial GDP binding to 1.8 times (Table  3) . Fasting, as a negative dietary stimulus, decreases norepinephrine turnover in BAT and causes the reduced thermogenic response of BAT to norepinephrine in normal animals (Hayashi and Nagasaka, 1983; Young et al., 1982) . Forty-eight hour-fasted KKAY mice failed to have their BAT mitochondrial GDP binding suppressed at all. Thus, KKAY mice might lack the ability to suppress nervous tone in response to fasting. This observation also suggests the presence of defects in the central nervous system. In fact, we have observed impaired responses of norepinephrine turnover in the BAT of KKAY mice to such dietary manipulations as sucrose feeding or fasting (Ohta et al., 1987) .
In contrast with the sucrose feeding, the increase in GDP binding to BAT mitochondria in KKAY mice fed a high fat diet was about the same as that in C57BL mice. This suggests that the mechanisms which stimulate thermogenesis in this animal differ in sucrose feeding and fat feeding. Fatty acids, which are derived from a fat diet are considered a direct energy source and a positive regulatory factor in BAT thermogenesis (Triandafillou and Himms-Hagen, 1983; Mercer and Trayhurn, 1984) . Intracellular fatty acids are known to be very capable of activating mitochondrial respiration in brown adipocytes. A fat diet may be more efficient in stimulating thermogenesis than sucrose. Recently, in Syrian hamsters, high fat feeding has been proved to stimulate thermogenesis without activating the sympathetic nervous system (Hamilton et al., 1986) . This unexpected result implies that the activation mechanisms of BAT thermogenesis may differ depending on the nutrients, whether high-carbohydrate or high-fat.
Thyroid hormones (Hayashi and Nagasaka, 1983) , glucocorticoid (Galpin et at., 1983) and insulin have modulatory effects on BAT thermogenesis.
Although the mechanism by which insulin enters the brain is unclear, insulin plays a role in reducing the activity of the sympathetic nerves innervating BAT (Sakaguchi and Bray, 1987) . Therefore, hyperinsulinemic states of the KKAY mouse may modulate the thermogenesis of this animal.
We have examined, as in the preliminary study, the thermogenesis of KKAY mouse treated with a ciglitazone derivative (Fujita et al., 1983) , a compound that reduces the plasma insulin concentration by improving peripheral insulin resistance. The KKAY mice receiving the drug showed decreased plasma glucose and insulin, and increased BAT mitochondrial GDP binding, but their thermogenic response to the sucrose solution was not changed by the drug (unpublished data). The hyperinsulinemia in the KKAY mice might have little effect on the defects.
Furthermore, like other obese animals (Saito et al., 1985; Young et al., 1984) , KKAY mice, which are both diabetic and insulin-resistant, may be defectively utilizing the glucose in BAT. This may also play a role in the unusual response of the BAT of KKAY mice to sucrose feeding. However, as described above in the preliminary study, improvement of defective sugar utilization in the KKAY mouse with a ciglitazone derivative did not bring about amelioration of the thermogenic defects.
In conclusion, it seems that the obesity of KKAY mice depends, at least in part, on a low response to diet-induced thermogenesis, especially when they are fed sucrose. We suggest that defects in the central nervous system are the cause of these phenomena.
